cell size (Paasche, 1973b) and age of culture (Pugh, 1975) ; physical factors such as light (intensity and photoperiod, Collos and Lewin, 1976; Davis, 1976) and t e m p e r a t u r e (J~rgensen, 1968; ; chemical factors such as salinity (Pugh, 1975) source of nitrogen (nitrate or ammonium, S t r i c k l a n d et al., 1969) and nutrient limitation. This study is concerned entirely with the latter factor. M u c h of the early work on chemical c o m p o s i t i o n of m a r i n e p h y t o p l a n k t o n began with the elements nitrogen and phos-
phorus b e c a u s e it was thought that these two elements were most likely to limit p h y t o p l a n k t o n growth in the natural environment. Early studies by K e t c h u m and Redfield (1949) showed that d e f i c i e n c i e s of n i t r o g e n or p h o s p h o r u s in culture m e d i u m could d e c r e a s e the N:P ratio in Chlorella pyrenoidosa by a factor of 2 for n i t r o g e n d e f i c i e n c y and increase the ratio by a factor of 5 for p h o s p h o r u s deficiency.
Batch cultures can be used to m e a s u r e the chemical c o m p o s i t i o n of l o g a r i t h m ically g r o w i n g (non-limited) cells and starved cells, w h i c h are assumed to represent the extremes in the p o s s i b l e degrees of n u t r i e n t limitation. However, at i n t e r m e d i a t e degrees of limitation, conditions. The n u t r i e n t uptake kinetics of these three species will be p r e s e n t e d in a subsequent paper (Conway and Harrison, 1977) .
Materials and Methods
T h r e e m a r i n e centric diatoms were used in this study. The source of Skeletonema costatum has been p r e v i o u s l y d e s c r i b e d (Davis et al., 1973) . Chaetoceros debilis Cleve was isolated at Friday Harbor, Washington, in 1970 by Dr. J. Lewin (Univ e r s i t y of Washington). Thalassiosira gravida Cleve was o b t a i n e d from the University of C a l i f o r n i a culture collection, Santa Barbara (USA); it o r i g i n a t e d formerly from the Scripps Institute of and at lower c o n c e n t r a t i o n s of the limit-O c e a n o g r a p h y culture collection. ing nutrient, the c h e m i c a l e n v i r o n m e n t changes so q u i c k l y that the degree of limitation can neve r be p r e c i s e l y known. Some w o r k e r s (Kilham, 1975; Paasche, 1975) have used very low cell c o n c e n t r ations at low substrate c o n c e n t r a t i o n s so that the change in the s u b s t r a t e concentration would be slower. However, it is d i f f i c u l t to conduct chemical composition m e a s u r e m e n t s at these low cell densities.
This p r o b l e m in using batch cultures can be o v e r c o m e t h r o u g h the use of continuous culture techniques, w h e r e the culture can be m a i n t a i n e d at steady state at a specific g r o w t h rate and a specific degree of n u t r i e n t limitation. Changes in chemical c o m p o s i t i o n of marine p h y t o p l a n k t o n in continuous c u l t u r e have been studied for various limiting nutrients including n i t r o g e n l i m i t a t i o n (Caperon and Meyer, 1972; Thomas and Dodson, 1972; Eppley and Renger, 1974) , p h o s p h o r u s l i m i t a t i o n (Fuhs, 1969; Fuhs et al., 1972; Droop, 1974; Perry, 1976) , and silicate limitation (Paasche, 1973a; Davis, 1976 ; H a r r i s o n et al., 1976) .
In the above studies, little attempt has been made to c o r r e l a t e the morphological changes that a c c o m p a n y the changes in chemical composition. Only Paasche (1973a) 
has d o c u m e n t e d the mor-
The c h e m o s t a t system was the same as that d e s c r i b e d p r e v i o u s l y (Davis et al., 1973; Conway et al., 1976) , except that the lighting system was changed. The new system c o n s i s t e d of three, 110 W, daylight, f l u o r e s c e n t bulbs held in a parabolic reflector. A sheet of blue Plexiglas (No. 2069 , Rohm and Haas) 0.3 cm thick, was used to m o d i f y the s p e c t r u m and make it c o m p a r a b l e to 5 m u n d e r w a t e r light for coastal conditions (described as J e r l o v type 3 in Holmes, 1957) . Continuous light was used and the i n t e n s i t y was 0.08 ly/min.
The cultures were grown at 18oc in a r t i f i c i a l seawater (Davis e t a l . , 1973) . N u t r i e n t s and v i t a m i n s were added in the p r o p o r t i o n s of m e d i u m f (Guillard and Ryther, 1962) . The c o n c e n t r a t i o n of the limiting nutrient was about 8 to 10 ~g-at/l -I in the inflow medium, and the other nutrients, trace metals and vitamins were c o n s i d e r e d to be saturating at a p p r o x i m a t e l y f / 5 0 levels.
The d i l u t i o n rates for the nutrientlimited cultures were chosen from the region where there was little or no change in effluent substrate c o n c e n t r a t i o n over a range of d i l u t i o n rates (defined as region 2, H a r r i s o n et al., 1976). It was felt that d i l u t i o n rates from this region (generally D ~ I/3 to I/2 bmax) produced r e p r e s e n t a t i v e n u t r i e n t -l i m i t e d p h o l o g i c a l changes that occur in continu-cultures. Thalassiosira g r a~d a grows more ous culture and a few studies have been slowly than the other two species and, conducted on starved cells g r o w n in batch culture (Braruud, 1948; Holmes, 1966) . P a a s c h e ' s p h o t o m i c r o g r a p h s show extensive m o d i f i c a t i o n s in the f r u s t u l e of Thalassiosira pseudonana w h e n it was grown under silicate limitation. This paper presents data on the cellular c h e m i c a l c o m p o s i t i o n and m o r p h o l ogy of three m a r i n e diatoms that were grown in chemostats under silicate or a m m o n i u m l i m i t a t i o n and s e m i -c o n t i n u o u sly under u n l i m i t e d and n u t r i e n t -s t a r v e d therefore, it was grown at a lower dilution rate in order to obtain chemical c o m p o s i t i o n data from a c o m p a r a b l e region of the growth curve (region 2). Unlimited cells were o b t a i n e d from semicontinuous cultures (daily dilutions of batch cultures) in w h i c h cells were growing l o g a r i t h m i c a l l y and nutrients were saturating. Starved cells were o b t a i n e d by allowing these s e m i -c o n t i n u o u s cultures of l o g a r i t h m i c a l l y growing cells to d e p l e t e the limiting nutrient (ammo-nium or silicate) in the medium while other nutrients were maintained at saturating levels. The starvation period lasted 72 h. At the end of this period the cells were still capable of taking up the limiting nutrient, indicating that they were still viable (Conway and Harrison, 1977) . Recognition of viablelooking cells was facilitated by counting live, rather than preserved samples.
When cultures growing in the chemostat reached steady state, which was determined by no trend in cell numbers or fluorescence over several days, effluent nutrient concentrations, cell numbers and volumes were measured. Samples for particulate carbon, nitrogen and silica were obtained by filtering about 1OO ml of the effluent culture.
Nutrient analyses, fluorescence measurements and cell counting techniques were the same as in previous studies (Davis et al.,1973) .The chlorophyll a determination was similar to the SCOR UNESCO method (Blasco, 1973) ; the main modification was that the glass-fiber filters were put directly into 90% acetone and allowed to extract in the dark in a refrigerator for 3 to 20 h. Particulate silica (PSi) was analyzed by the sodium fusion procedure of Busby and Lewin (1967) . Particulate nitrogen (PN) and carbon (PC) were analyzed with a Carlo Erba CHN analyzer (Model 1100).
Cell volumes were calculated from microscopical measurements of cell diameter and length. The cells were taken to be cylindrical in shape, except for Chaetoceros debilis which was assumed to be elliptical with semi-axes of a and b = 3/4 a. The mean cell volume reported is from a measurement of 50 cells.
Photomicrographs were taken of live material under phase contrast using a Zeiss compound microscope.
Estimates of particulate nitrogen and silica were made by direct analysis and by mass balance (inflow minus outflow nutrient concentrations). Direct analyses were found to be more variable silicate-limited (Si-limited), ammoniumlimited (NH4-1imited), and non-limited nutrient conditions. These differences for the three species are shown in the photomicrographs (Fig. 1) . The morphological changes in starved cells were not as striking as in limited cells, but otherwise they were similar. Photomicrographs of starved cells have not been included.
A comparison of Si-limited, nonlimited, and NH4-1imited cells of Skeletonema costatum is made in Fig. IA, B and C, respectively. The number of cells/ chain was generally greater than 10 for non-limited cells, greater than 6 for NH4-1imited cells and less than 4 for Si-limited cells. The length of the connecting rods between cells was normal (3 ~um) for non-limited and NH4-1imited cells and almost zero for Si-limited cells. Many Si-limited cells appeared to have more or larger chromatophores than non-limited or NH4-1imited cells. The largest cell vacuole was observed for NH4-1imited cells. Si-and NH4-1imited cells were usually very long and narrow, typically about 1 2 ~m x 3 ~m.
The changes in morphology of Chaetoceros debilis are shown in Fig. ID , E and F. Again the n~nlber of cells/chain was less (-4) under silicate limitation than under no limitation (-10) or ammonium limitation (-10). The length of the projecting setae was normal under no limitation and ammonium limitation, but setae were shorter or absent under silicate limitation. Usually there were two chromatophores rather than one, under silicate limitation. The size of the vacuole in relation to the rest of the cell was difficult to estimate.
Changes in the morphology of Thalassiosira gra~da were similar to the other two species (Fig. IG, H and I ). The number of cells/chain was lowest under silicate limitation (<4); frequently a large portion of the population appeared as single cells. The width of the cell was and therefore par-usually less than the length under siliticulate silica, nitrogen and PhOsphorus cate limitation, whereas the width was were measured by mass balance in this study. Higher variability in the direct analysis was also observed by Caperon and Meyer (1972) . The mass balance method assumes that a negligible amount of the inorganic nutrient in the inflow medium is converted into dissolved organic compounds.
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Cell Morphology
Distinct differences in cell morphology of a species resulted from growth under greater than the length under no limitation and a mixture of cell widths occurred under ammonium limitation (Table  I) . Si-limited cells had more chromatophores than non-limited and NH4-1imited cells. The frustule appeared to be irregular and bumpy in Si-and NH4-1imited cells. The size of the vacuole was smallest in Si-limited cells and greatest in NH4-1imited cells. The mucilagenous thread connecting the Si-limited cells was generally shorter and thinner in comparison to non-limited and NH4-1imited cells. In all three species, cell volume was the largest in non-limited cells (Table  I ). The reduction in cell volume in the limited and starved cells was due to decreased cell width, and this reduction was not entirely off-set by the increase in cell length which occurred in some species. The surface area:volume ratios were highest in limited and starved cells.
Cellular Chemical Composition
The cellular chemical composition of the three diatoms is expressed as ratios in Table 2 and on a volume and per cell basis in Table 3 . Cells grown under no limitation are used as a standard against which an increase or decrease of phyll a, and N:chlorophyll a ratios and a decrease in the Si:P ratio.
(2) Under silicate limitation the cells showed a similar increase in carbon, chlorophyll a, nitrogen and phosphorus and a decrease in silica per Dm3, as observed under silicate starvation. Cellular carbon and nitrogen per volume was generally less than starved cells, and therefore the ratios C:chlorophyll a and N:chlorophyll a were also lower. Silimited Skeletonema costatum and Chaetoceros debilis showed a marked decrease in the silica per unit cell volume, compared to Si-starved cells.
(3) Ammonium limitation resulted in a decrease in chlorophyll a, carbon and nitrogen per unit cell volume. The ratios N:chlorophyll a, N:P and N:Si dea particular chemical constituent of lim-creased, while C:N and C:chlorophyll a ited or starved cells is evaluated. An increased. examination of the differences within each species, due to a different nutrient limitation or starvation revealed the following changes in chemical composition:
(I) Cells grown under silicate starvation showed an increase in carbon, chlorophyll a, nitrogen and phosphorus and a small decrease in silica, on a per cell volume basis. These changes resulted in an increase in the C:N, N:Si, C:chloro-(4) Cells grown under ammonium starvation showed similar trends to those under ammonium limitation, except that carbon, silica, phosphorus, and nitrogen per unit cell volume were higher.
Di=~m.luion
Cell Morphology
Changes in morphology of the three species were most striking under silicate 
.4 l i m i t a t i o n .
A r e d u c t i o n in t h e l e n g t h of t h e r o d s j o i n i n g Skeletonema costatum c e l l s t o g e t h e r , r e d u c e d s e t a e in ~a e t o c e r o s debilis, a n d m a n y e l o n g a t e d c e l l s w i t h a m a l f o r m e d m u c i l a g e n o u s t h r e a d in Thalassiosira gravida, w e r e t h e m o s t p r o m i n e n t f e a t u r e s o b s e r v e d . A n i n c r e a s e in t h e p i g m e n t c o n c e n t r a t i o n p e r c e l l w a s e a s ily c u l t u r e s of Navicula pelliculosa w e r e d u e to c e s s a t i o n of t h e c e l l c y c l e j u s t a f t e r Q r g a n e l l e d u p l i c a t i o n o cc u r r e d , a n d b e f o r e f o r m a t i o n of d a u g h t e r c e l l s .
T h e d e c r e a s e in t h e p i g m e n t c o n c e n t r at i o n p e r c e l l f o r a l l t h r e e s p e c i e s u nd e r a m m o n i u m l i m i t a t i o n w a s s t r i k i n g l y v i s i b l e a n d w a s t h e m o s t d i s t i n g u i s h i n g f e a t u r e of N H 4 -1 i m i t e d c e l l s . T h e l a r g e r c e l l v a c u o l e w a s a l s o an i m p o r t a n t c h a ra c t e r i s t i c of t h e s e c e l l s .
Even though Si-and N H 4 -1 i m i t e d cells can be identified w i t h the light microscope, d o c u m e n t a t i o n of more detailed changes in the test, e s p e c i a l l y under s i l i c a t e limitation, will require the use of a scanning e l e c t r o n microscope, and this line of r e s e a r c h is p r e s e n t l y being pursued. Work in this d i r e c t i o n was initiated by P a a s c h e (1973a), who has shown that under silicate limitation ~alassiosirapseudonana exhibited a loss of the areola p a t t e r n near the center of the valve. D e t e r m i n i n g the extent to w h i c h v a l v e patterns may be changed under d i f f e r e n t limitations may prove important in taxonomic i d e n t i f i c a t i o n of some genera. For example, in freshwater studies, the d i a t o m Cyclotella wo!terec3~ii was found to be the s i l i c a -d e f i c i e n t form of C. pseudostelligera (Belcher et al., 1966 ).
However, s t a r v a t i o n clearly r e s u l t e d in higher ratios, w h i c h could be a result of cessation of c h l o r o p h y l l a synthesis or an increased rate of c h l o r o p h y l l degradation. Healey et al. (1967) examined pigment changes during silicon starvation of Navicula pelliculosa and found that c h l o r o p h y l l a synthesis ceased in 5 to 7 h of silicon starvation, but that d i a d i n o x a n t h i n (a carotenoid) and lipid synthesis continued.
C : C h l o r o p h y l ! a The C : c h l o r o p h y l l a ratio has been widely m e a s u r e d due to its u s e f u l n e s s in estimating p a r t i c u l a t e carbon from chlorophyll m e a s u r e m e n t s and in d e t e r m i n i n g a s s i m i l a t i o n ratios. This ratio generally varies by over a factor of 2 with There was a small increase in the sur-healthy, natural p o p u l a t i o n s ranging f a c e -t o -v o l u m e ratio of cells grown under limitation or s t a r v a t i o n (Table I) , but this may be an important a d a p t a t i o n to aid cells in taking up nutrients when they are growing in nutrientlimited or d e f i c i e n t conditions. For the tropical m a r i n e d i a t o m Coscinodiscus pavillardii, F i n d l a y (1972) found a good corr e l a t i o n b e t w e e n r e l a t i v e growth rate and surface:volume, with the highest from 20 to about 60. A m e a n value of 40 is often used in calculations, the value o b t a i n e d by L o r e n z e n (1967) for healthy p o p u l a t i o n s in an upwelling area. The range of C : c h l o r o p h y l l a values (26 to 61) for the three diatoms in this study under no n u t r i e n t limitation are w i t h i n this range.
The C : c h l o r o p h y l l a ratios under silicate starvation and limitation were growth rate o c c u r r i n g at the largest sur-higher than n o n -l i m i t e d cells, due to face:volume ratio, the increased carbon per cell. Si-
Cellular Chemical Composition
The 
Pigment Ratio
The pigment ratio D430:D665 is roughly p r o p o r t i o n a l to the c a r o t e n o i d : c h l o r ophyll a ratio (Margalef, 1968) . It varies considerably, b e t w e e n 2 and 8, and higher ratios are indicative of older cultures of n u t r i e n t deficiency. The p i g m e n t ratio under silicate or a m m o n i u m limitation was slightly lower than for n o n -l i m i t e d cells (Table I) . starved cells had the highest carbon per cell and t h e r e f o r e the highest C:chlorophyll a ratio. This o b s e r v a t i o n can be explained by the results of W e r n e r (1966) and Coombs et al. (1967) , who demonstrated that c a r b o h y d r a t e and lipid synthesis c o n t i n u e for a longer time than protein and c h l o r o p h y l l a synthesis under silicon starvation.
Under ammonium starvation and limitation, the C : c h l o r o p h y l l a ratio was also higher than for n o n -l i m i t e d cells; however, in this case it was due to a decrease in the c h l o r o p h y l l a/cell. C:chlorophyll a for N H 4 -s t a r v e d Skeletonema costatum and Thalassiosira gravida was higher than for N H 4 -1 i m i t e d cells. Several studies c o r r o b o r a t e these results. Hobson and Pariser (1971) found that the C:chlorophyll a ratio increased from 4 to 10 times when T. pseudonana was N-starved, and they r e p o r t e d values as high as 200. They stated that the high values were due to a decrease in chlorophyll a/cell and, after 160 h of starvation, due to an increase in C/cell. H o l m -H a n s e n et al. (1968) found that the ratio for healthy
s. costatum i n c r e a s e d
from 70 to about 200 under N -d e f i c i e n t conditions. Recently, Eppley and Renger (1974) found that C : c h l o r o p h y l l a i n c r e a s e d from 28.7 to 91.4 as the d e g r e e of n i t r o g e n limita- Both chlorophyll a/cell and N/cell decreased, however, the decrease in N/cell was much greater, and therefore accounted for most of the decrease in the N:chlorophyll a ratio. For NH4-starved cells, the N:chlorophyll a ratio showed no consistent pattern for the three species, since the amount of decrease in the N:cell ratio was variable.
In chemostat studies of nitrogen limitation, Caperon and Meyer (1972) showed that the N:chlorophyll a ratio was relatively constant (~12.9) for dilution rates from 0.077 to 0.040 h-1. The ratio increased to 35 only at dilution rates lower than 0.040 h-1. Similarly, Bienfang (i975) found that N:chlorophyll a was also statistically invariant for dilution rates over the range 0.045 to 0.076 h -I for the green flagellate Dunaliella tertiolecta.
For dilution rates less than 0.04 h -I, Thomas and Dodson (1972) and Eppley and Renger (1974) found that N:chlorophyll a increased with increasing nitrogen limitation (i.e., lower dilution rate; Table 4 ). Recently, Harrison et al. (1976) showed that for Skeletonema costatum at a higher dilution rate range from O.11 to 0.042 h -I, N:chlorophyll a decreased due to the decrease in N/cell, as nitrogen limitation increased.
Si:Chlorophyll a
This ratio was always lower for Silimited and starved cells than for nonlimited cells, with Si-limited cells having the lowest ratio by a factor of 3. The large decrease in this ratio was due to decreased Si/cell and increased chlorophyll a/cell. For NH4-1imited or starved cells Si:chlorophyll a was al- .7 w i t h i n c r e a s i n g s i l i c a t e l i m i t a t i o n in a c h e m o s t a t , w h i l e t h e r a t i o r e m a i n e d n e a r l y c o n s t a n t (-21) U n d e r a m m o n i u m l i m i t a t i o n ( T a b l e 4).
P : C h l o r o p h y l l a
T h i s is s o m e w h a t l o w e r t h a n t h e e x p e c t e d I 0 6 C : 1 6 N or 6.6:1 r a t i o ( R e d f i e l d et al., 1 9 6 3 ) . F o r n o n -l i m i t e d c u l t u r e s of Chaetoceros sp. a n d Skeletonema costatum, P a r s o n s et al. (1961) f o u n d C : N r a t i o s of 6.6 a n d 5.3, r e s p e c t i v e l y .
S i l i c a t e l i m i t a t i o n o r s t a r v a t i o n i nc r e a s e d t h e C : N r a t i o . T h i s i n c r e a s e w a s p r i m a r i l y
d u e to t h e l a r g e i n c r e a s e in C / c e l l , e v e n t h o u g h N : c e l l a l s o in-F o r S i -l i m i t e d a n d s t a r v e d c e l l s , t h e r a -c r e a s e d . T h e s e o b s e r v a t i o n s a g r e e w i t h t i o w a S s i m i l a r to t h a t f o r n o n -l i m i t e dv a r i o u s p h y t o p l a n k t o n species, the C:N ratio i n c r e a s e d by about t w o -f o l d w i t h i n c r e a s i n g n i t r o g e n l i m i t a t i o n (Table 4) .
C:Si
The ratio for S i -l i m i t e d and starved cells was 3 to 15 times h i g h e r than for n o n -l i m i t e d cells, and the S i -s t a r v e d ratio was higher than for s i l i c a t e limitation (except for Chaetoceros debilis). The increase was due to a d e c r e a s e in Si/ce!l and an i n c r e a s e in C/cell. Under a m m o n i u m l i m i t a t i o n and starvation, the C:Si ratio was v a r i a b l e but similar to the ratio for n o n -l i m i t e d cells.
C:P laboratory cultures of a number of phytop l a n k t o n species have been m e a s u r e d and found to vary c o n s i d e r a b l y .
In general, the ratio is usually less than the accepted value for the c o m p o s i t i o n of seawater of 15 or 16:1 (Corner and Davies, 1971) . Parsons et al. (1961) grew a number of species in batch culture, and found for Skeletonema costatum and Chaetoceros sp. ratios of 7.7 and 8.3, respectively.
Under s i l i c a t e l i m i t a t i o n or starvation, the ratio was similar to the ratio for n o n -l i m i t e d cells. This is consistent w i t h the findings in other Silimited c h e m o s t a t studies w h e r e the N:P ratio was found to remain constant at about 10 w h e n the s i l i c a t e l i m i t a t i o n increased .
The N:P ratio was c o n s i s t e n t l y lower Under s i l i c a t e l i m i t a t i o n and starvation, under a m m o n i u m l i m i t a t i o n or starvation, the C:P ratio was higher than for nonlimited cells. The ratio was higher for S i -s t a r v e d cells than for S i -l i m i t e d cells, due to the larger i n c r e a s e in C/cell c o m p a r e d to the increase in P/cell.
Chaetoceros debilis d e v i a t e d from this latter trend b e c a u s e of the factor of 3 i n c r e a s e in P/cell, r e s u l t i n g in a lower C:P ratio.
The C:P ratio under a m m o n i u m limitadue to the d e c r e a s e d N/cell. H a r r i s o n et al. (1976) and Perry (1976) have shown that the N:P ratio d e c r e a s e s with increasing n i t r o g e n l i m i t a t i o n i n c h e m o s t a t cultures and that this d e c r e a s e can be as high as 3-fold, from 15 to 5 (Table   4) .
N:Si tion or s t a r v a t i o n was variable, but sim-Values of this ratio showed the g r e a t e s t ilar in m a g n i t u d e to n o n -l i m i t e d cells, d i f f e r e n c e b e t w e e n the two n u t r i e n t lim- Perry (1976) found that the ratio initations, a m m o n i u m and silicate. The rac r e a s e d as the d e g r e e of n i t r o g e n limita-tio was g e n e r a l l y 2 to 3 times higher tion i n c r e a s e d in a c h e m o s t a t (Table 4) . for S i -l i m i t e d and starved cells and 2
Si:P For the n o n -l i m i t e d cultures in our study, the Si:P ratio r a n g e d from 3.8 to 6.7. In all cases, s i l i c a t e l i m i t a t i o n or s t a r v a t i o n r e s u l t e d in a r e d u c t i o n in this ratio. This was due to d e c r e a s e d Si/cell under s i l i c a t e l i m i t a t i o n and p a r t i a l l y due to i n c r e a s e d P:cell under s i l i c a t e starvation. C h e m o s t a t studies w i t h S i -l i m i t e d Skeletonema costatum showed that the Si:P ratio d e c r e a s e d from 3 to 1.7 as the d e g r e e of s i l i c a t e l i m i t a t i o n i n c r e a s e d . Under a m m o n i u m l i m i t a t i o n or starvation, the Si:P ratio was similar to the ratio for n o n -l i m i t e d cells, since there was no excess a c c u m u l a t i o n of p h o s p h a t e as was o b s e r v e d under s i l i c a t e starvation. In earlier c h e m o s t a t studies with Skeletonema costatum, Si:P was o b s e r v e d to i n c r e a s e at low d i l u t i o n rates in an N H 4 -1 i m i t e d chemostat, due to a d e c r e a s e in P/cell . The N:Si ratio has been shown to increase from 3.3 to 5.7 w i t h i n c r e a s i n g s i l i c a t e l i m i t a t i o n in c h e m o s t a t cultures of Skeletonema costatum, and the ratio d e c r e a s e d from 3.8 to 0.58 w i t h increasing a m m o n i u m l i m i t a t i o n . (Smayda and Boleyn, 1966; Smayda, 1970) . These o b s e r v a t i o n s suggest that the sinking rate of cells under silicate l i m i t a t i o n may be higher than under a m m o n i u m limitation, due to the s u b s t a n t i a l m o d i f i c a t i o n and reduction in e x t e n s i o n s of the frustule that do not occur under a m m o n i u m limitation. Future i n v e s t i g a t i o n s in this d i r e c t i o n are needed.
The p h o t o m i c r o g r a p h s of the cells (Fig. I) suggest that it is p o s s i b l e to v i s u a l l y assess the n u t r i t i o n a l status of m a r i n e diatoms by c o r r e l a t i n g visual symptoms induced by l i m i t a t i o n or starvation w i t h the p a r t i c u l a r element in short supply such as n i t r o g e n or silicon. The u s e f u l n e s s of this approach in field studies will depend p a r t i a l l y on the m a g n i t u d e of the sinking rates and the depth of the thermocline. T i t m a n and K i l h a m (1976) have shown that sinking rate increases substantially, shortly after the on-set of p h o s p h a t e starvation, and it begins to d e c r e a s e about 12 h after p h o s p h a t e enrichment. Due to this r e a s o n a b l y rapid a d j u s t m e n t of sinking rate by cells, it is p o s s i b l e that cells could quickly sink into high-nutrient, deep water (where r e c o v e r y from limitation w o u l d begin) b e f o r e nutrientd e f i c i e n t symptoms are well developed.
The chemical c o m p o s i t i o n of Thalassiosira pseudonana grown in a chemostat under p h o s p h o r u s or n i t r o g e n l i m i t a t i o n has been c o m p a r e d and the effect on ratios evaluated (Perry, 1976) . Perry suggested tritional status of phytoplankton. Based on this criterion, only one ratio, N:Si, would be useful in d i s t i n g u i s h i n g between Si-and N -l i m i t e d p h y t o p l a n k t o n . This ratio was similar for all three species, with an average value of 5.1 for S i -s t a r v e d or limited, 2.0 for nonlimited, and 0.8 for N H 4 -s t a r v e d or limited. Other ratios including C:Si, N:P, Si:P and S i : c h l o r o p h y l l a w e r e d i f f e r e n t by a factor of at least 2. The 5 ratios that w o u l d be least useful in distinguishing b e t w e e n silicate or n i t r o g e n l i m i t a t i o n were C:N, C:P, C : c h l o r o p h y l l a, N : c h l o r o p h y l l a and P : c h l o r o p h y l l a. Generally, these ratios increased for both silicate and a m m o n i u m limitation, but for d i f f e r e n t reasons.
(The N : c h l orophyll a ratio under a m m o n i u m limitation was an exception.) In all cases, the change in these 5 ratios was small and could not be easily d e t e c t e d using natural p h y t o p l a n k t o n populations.
Due to the problems of m e a s u r i n g the chemical c o m p o s i t i o n of living phytop l a n k t o n in the ocean, the n u t r i t i o n a l status of p h y t o p l a n k t o n in the field is best studied by combining a number of approaches. These are: m e a s u r i n g one or two of the m o r e sensitive chemical comp o s i t i o n ratios, v i s u a l l y examining the cells for symptoms of certain nutrient deficiencies, and m e a s u r i n g uptake kinetics on a t i m e -s e r i e s basis.
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